We have studied the optical transmission properties of planar metallic films closely coupled to diffraction gratings and we show here that this can give rise to plasmon-enhanced transmission. The coupling between two optically excited surface plasmon (SP) modes on opposite interfaces of the metal film gives rise to a hightransmission feature in the spectral transmittance. The overall transmission is a result of the coupling between the incident light and the SP modes, as well as waveguide modes in the dielectric spacer between the diffraction grating and the planar metal film. The spectral locations of the transmission peaks agree well with rigorous coupled wave analysis (RCWA) calculations.
Introduction
Surface plasmons (SPs) arise from the interaction of light with a dielectric/metal interface. Under certain conditions the free electrons on the metal surface oscillate in resonance with the incident light wave, resulting in SPs, propagating along the interface. The exciting potential of controlling the interaction of light and SPs was discovered by Ebbesen et al in 1998 [1] . By introducing periodic subwavelength structures onto the optically thick metallic films, light can be coupled to the SP modes, which brings about the extraordinary optical transmission efficiency of the films [1] [2] [3] [4] [5] . Much attention in this field has been devoted to metal films perforated with subwavelength structures, such as hole arrays [1, 2] , single aperture surrounded by periodic textures [3] and metallic gratings with subwavelength slots [4, 5] . We present here a study of the optical transmission properties of planar metallic films closely coupled to diffraction gratings, showing that this can also give rise to plasmon-enhanced transmission. Compared to an early experiment [6] on high transmission efficiency of a smooth metal film, which required identical prisms arranged on opposite side of metal surface, our configuration shows much greater flexibility in terms of tuning the optical properties of the device. A schematic of the structure used in this study is illustrated in Figure 1 . It consists of a thin silver (Ag) film and a dielectric layer with a rectangular transmission grating on top. The grating and the dielectric layer provide the required transverse momentum and metal/dielectric interface respectively for optical excitation of surface plasmons. The zeroth order transmission properties of such structures have been analysed using a commercial grating analysis tool, G-Solver [7] , which is based on the rigorous coupled-wave analysis (RCWA) [8] . The dielectric functions of Ag are taken from Ref [9] . The thickness of the Ag film used in the simulation is 30 nm, which is considerably larger than its skin deep in the visible region. BK7 glass (n=1.52) and SiO 2 (n=1.45) are used as the dielectric layer and substrate in the simulations. The incident light is TM-polarized at normal incidence. The parameters fixed in simulations below include: Ag film thickness = 30 nm; Ag grating height = 40 nm; and grating duty cycle = 0.8. Figure 2 shows the transmission spectra of structures for three different grating periods: 450 nm, 500 nm and 550 nm. It is clear that three distinct transmission peaks appear, which are grating-period dependent and related to SPs. For optical excitation of SPs using this grating coupling method, the following dispersion relation must be satisfied:
Simulations
where k sp is the momentum in the direction parallel to the dielectric/metal interface, c is the speed of the light in vacuum, ω is the angular frequency, ε(ω) is the frequency dependent dielectric constant of the metal, ε d is the dielectric constant of the dielectric, λ is the wavelength of the incident light in vacuum, θ is the incident angle, m is the diffraction order and d is the grating period. In the case of m = 1, the required wavelengths for optical excitation of SPs at a flat Ag /SiO 2 interface for d = 450 nm, 500 nm and 550 nm are 688 nm, 758 nm and 827 nm, respectively. The positions of the transmission peaks in simulations for three grating periods closely match these numbers. The simulation results also reveal that with appropriate arrangement, the transmission efficiency of the structure can exceed 70% with bandwidth (FWHM) narrowed down to less than 10 nm. This exceptional optical transmission is related to the excitation of two SPs on opposite interfaces of the metal film [6] , [10] . The thickness of the Ag film in this study is thin enough to allow the two modes to interact.
The small peak appearing at shorter wavelengths in each transmission spectrum is caused by the excitation of a waveguide mode within the dielectric layer and that at longer wavelength is more likely related to the interaction between adjacent elements of the gratings [4] . In general, waveguide modes are much less sensitive to the angle of incidence than SP modes, which has been confirmed by simulation (results not shown here); a small (<5 degrees) variation in the angle of incidence has little effect on the position and amplitude of the first peak, whereas it dramatically modifies the other two. Figure 3 : Effects of changing dielectric and substrate materials on transmission efficiency of the structure. Figure 3 shows the effects of changing dielectric and substrate materials on the transmission efficiency of the structure (grating period = 500 nm, grating height = 40 nm, duty cycle = 0.8, Ag thickness = 30 nm). The solid line presents one of the optimal configurations, using a BK7 substrate and a 210-nm thick SiO 2 dielectric -the transmission efficiency reaches 74% at 771 nm. Modifying the material on either side of the Ag film interrupts the optimal resonance between two SP modes, reducing the transmission efficiency and shifting the peak position. As the overall transmission is a result of couplings between light, SP modes and waveguide modes, the transmission efficiency of the modified structure can be recovered by adjusting its geometry.
Experiments
The fabrication process starts with RF sputtering 30 nm of Ag followed by a layer of SiO 2 on to a 22 mm× 22 mm 185 um-thick BK7 glass substrate. The thickness of the SiO 2 layer is subject to the required period of the diffraction gratings in the structure. Thereafter, a four-layer imaging scheme (150 nm PMMA, 150 nm anti-reflection coating (ARC), 50 nm SiO 2 , 150 nm g-line photoresist) is deposited on the SiO 2 layer. The grating patterns are firstly defined onto the photoresist layer by means of interference lithography (IL) and then transferred onto the sample through a lift-off process. The spatial period and the line width of the grating patterns can be controlled by varying the exposure conditions during the IL process. Following exposure and development of the photoresist, grating patterns are transferred through the four-layer stack via two separate reactive ion etching (RIE) process for SiO 2 and ARC/PMMA. Subsequently, a layer of 40-nm thick Ag film is thermally evaporated onto the sample and lifted off. In general, lift-off requires only a tri-layer resist scheme. The purpose of the additional PMMA bottom layer is for easy stripping of the ARC during the final lift-off step. The zeroth order transmission spectra of the samples are then recorded in a Cary photospectrometer at normal incidence. Figure 4(a) and 4(b) show the measured and simulated transmission spectra of a fabricated sample, respectively. The solid lines represent transmission under TM-polarized incident light and, for comparison, the TE transmission spectra are also displayed as dotted lines. The thickness of the SiO 2 dielectric layer within the sample is 215 nm and the period of Ag grating is 500 nm. Measurements from atomic force microscopy (AFM) and scanning electron microscopy (SEM), as shown in Fig. 5 and 6 respectively, confirm that the actual grating height is around 30 nm and its duty cycle is around 0.6. In figure 4(a) , three transmission peaks appear at around 680 nm, 780 nm and 810 nm, which are consistent with the positions of three peaks, (690 nm, 773 nm and 824 nm) in the simulated transmission spectrum.
The discrepancy in the transmission efficiency between experimental results and the simulation for the SP related peak is likely caused by the surface and line-edge roughness of the diffraction gratings. which can be seen in Figures 5 and 6 ; we use the ideal rectangular transmission gratings in our simulation. However, as the sample fabrication involves optical lithography and thermal evaporation, the profile of the gratings is not perfectly rectangular. The roughness on the top surface and the sidewall of the gratings will cause additional scattering.
This not only decreases the optical transmission efficiency, but also changes the shape of the transmission spectrum. As illustrated in Fig. 4(a) , there is an extra broad peak that appears in the transmission spectrum of at wavelengths above 800 nm as a result. 
Conclusion
We have presented simulation and experimental results from a study of the optical transmission properties of planar metallic films closely coupled to subwavelength diffraction gratings. The results confirm that surfaceplasmon-enhanced optical transmission can be achieved in this configuration. The spectral location of the transmission peak agrees with the wavelength calculated from dispersion relation of surface plasmons. The exceptional transmission is due to coupling between two optically excited surface plasmon modes on opposite interfaces. The optical properties of the device are dominated by the geometric factors as well as the dielectric constants of the materials. The overall transmission is a result of the couplings between light, SP modes and waveguide modes. Potential applications lie in the area of designing surface plasmon based optical devices include narrowband filters and sensors.
